Resting blood neutrophils are recruited at sites of infection and inflammation by chemotactic agonists that direct their migration through the vascular wall into the tissues. Diapedesis and oriented motion within the interstitial space are complex processes depending on the activation of the motile apparatus of the migrating cell as well as the release of cellular products that influence the pericellular environment.
A wide variety of chemoatractants have been described over the years, but only a few have been characterized extensively in terms of biological activities and mechanism of phagocyte activation. These agonists are the complement fragment CSa, which is formed in blood plasma and exudates upon complement activation [ 11, N-formyl methionyl peptides of bacterial origin, like fMetLeu-Phe [2], two bioactive lipids, platelet-activating factor (PAF) and leukotriene €3, (LTR,) formed by macrophages and tissue cells, and NAP-2 which derives from platelets [6]. They act on neutrophils via distinct receptors and induce three main responses, the shape change, the exocytosis of storage proteins and the respiratory burst.
The shape change
The shape change reflects the activation of the motile apparatus. It is measured by laser nephelometry in diluted cell suspensions and can be quantified using Beer's law in combination with light-scattering theory [7] . In neutrophils the shape change yields a transient increase in cell suspension transmission, which probably reflects a decrease in cell body volume associated with the protrusion of cytoplasmic lamellae 
Exocytosis
All chemotactic agonists induce exocytosis of specific granules and smaller storage organelles, but not of azurophil granules [12] . A special form of exocytosis not related to the release of enzymes and other soluble contents from granules and secretory vesicles is the expression of proteins that are associated with the membrane of intracellular storage organelles on the plasmalemmal surface. Small organelles, and in some instances the specific granules, are considered as the storage sites of receptors, e.g. CRl, CR3 and the Met-Leu-Phe receptor [ 1 3-1 51, and of adhesion proteins [ 16, 171, whose surface expression is enhanced upon neutrophi1 stimulation. Even a component of the NADPHoxidase, cytochrome bSsX, is partly stored in an intracellular compartment, the specific granules [ 18, 191 , and can, therefore, be supplied to the surface possibly to reinforce the respiratory burst. Stimulation with chemotactic agonists also induces the exocytosis of azurophil granule contents when the neutrophils are pretreated with cytochalasin B, a measure that renders the neutrophils generally more responsive and enhances the release of the components of the specific granules and of gelatinase. Cytochalasin B does not induce exocytosis by itself, and its enhancing effect can, therefore, be of advantage in the study of agents that influence neutrophil exocytosis. For instance, NAP-1 /IL-8 was discovered in our laboratory on the basis of its property to induce elastase release from cytochalasin B-treated human neutrophils [20, 211. 
The respiratory burst
The respiratory burst is the most characteristic response of stimulated phagocytes. It is due to the activation of the NADPH-oxidase, a superoxideforming, transmembrane electron transport chain with cytosolic NADPH as the electron donor and oxygen as the acceptor [22-241. In resting phago-cytes the NADPH-oxidase is disassembled and its components are located in the plasma membrane, the ectoplasmic cytoskeleton and the cytosol [25] [26] [27] . The main membrane-associated component is cytochrome bSsX, a heterodimer consisting of a 91 kDa and a 22 kDa subunit [28, 29] . The 22 kDa subunit carries the haem [30] . A small (22 kDa) GTP-binding protein, termed rap-1, is bound to the cytochrome [31] . Four cytosolic components [32] , have been identified. Two of them, p47 and p67, have been cloned and found to reconstitute missing components in the neutrophil cytosol from patients with chronic granulomatous disease [33] .
In view of this biochemical and topological complexity, it is astonishing to realize that this enzyme chain is assembled and activated in about 2 s upon agonist stimulation [34] . Using a chemiluminescence assay for H202, which combines high sensitivity with low noise [35] , Wymann et al. [34] have recently shown that the respiratory burst response induced by Met-Leu-Phe, CSa, PAF and LTB, is characterized by identical onset times and apparent rates of NADPH-oxidase activation, suggesting that signals from different receptors are transduced by a common mechanism. In contrast to the onset and the initial phase, the duration of the respiratory burst varies considerably with the agonist. The responses to PAF and LTB, are turned off much more rapidly than those induced by Met-Leu-Phe or C5a. A respiratory burst is also induced with phorbol esters, diacylglycerols or calcium ionophores [ 34, 361 . Interestingly, however, these stimuli act much more slowly than chemotactic agonists, and the onset times of their responses are at least 4-5-fold longer [34] .
Signal transduction
Shape change, exocytosis and the burst are controlled at different levels of the signal transduction process. The control is particularly tight for the respiratory burst (presumably because of the toxicity of its products), and for this reason we shall describe signal transduction on the basis of this response.
Receptor occupancy
The respiratory burst is initiated by the binding of the agonist to its receptor and is rapidly discontinued when the agonist is displaced [37] , suggesting that persistence of the agonist-receptor complex is necessary to maintain the oxidase in its active form. Receptor occupancy is also required for other responses, in particular the shape change, as shown by a rapid decrease of the transmission (P. Kernen, unpublished work) or light scattering signal [38] and of cellular filamentous actin [39] upon addition of an antagonist.
CTP-binding proteins
The involvement of GTP-binding proteins in receptor-mediated neutrophil activation was originally suggested by the blocking effect of pretreatment with Bordeteua pethzssis toxin [40] . Further evidence came from the observation that fluoride [41] and, in electro-permeabilized cells, the non-hydrolysable GTP analogue, GTPCS] (guanosine 5'-[ythioltriphosphate) [42] can substitute for the agonist. Pertussis toxin renders the neutrophils unresponsive to agonists, but the respiratory burst can still be elicited by stimuli like phorbol esters, diacylglycerols or calcium ionophores that bypass receptors.
Second-messenger generation
Upon receptor-ligand interaction and coupling to a G-protein, two second messengers are formed (through the activation of a phosphatidylinositolspecific phospholipase C); inositol 1,4,5-trisphosphate (IP,) and diacylglycerol [43] . IP, is released into the cytosol and binds to specific receptors on intracellular calcium storage organelles [ 441 inducing a rise in cytosolic free calcium [45] , while diacylglycerol remains associated with the membrane and activates protein kinase C.
The role ofcytosolic free calcium
The increase in cytosolic free calcium [45] reflects calcium release from intracellular stores and influx through the plasma membrane. The influx is not essential since neutrophils respond in the absence of extracellular calcium [45] . However, when the intracellular stores are depleted of calcium (using a ionophore and intra-and extracellular chelators), the respiratory burst is prevented [ I I , 461. In calcium-depleted cells diacylglycerol is not formed [ 461 and, consequently, protein kinase C remains inactive, Under these conditions a respiratory burst is nevertheless observed in response to agonists when the kinase is activated by the addition of a phorbol ester or exogenous diacylglycerol, indicating the once the kinase is turned on, activation of the NADPH-oxidase is independent of calcium mobilization.
Protein kinase C
A role for protein kinase C and protein phosphorylations in the induction of the respiratory burst is suggested by the stimulatory effects of PMA [47] and diacylglycerols [36] , and the inhibitory effects of
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staurosporine, sphingosine bases and other kinase inhibitors [48, 491 . The response induced by phorbol esters and diacylglycerols, however, is much slower than that resulting from receptor activation [ 341, indicating that protein kinase activation is only part of the signal transduction process initiated by receptor agonists.
Other signal transduction events
Kinetic studies show that in agonist-stimulated neutrophils calcium mobilization precedes the onset of the respiratory burst [34, SO] . However, when the cells are first activated with a low concentration of PMA and then stimulated with a chemotactic agonist the respiratory burst response is immediate and is detected before the cytosolic free calcium begins to rise [34] . A calcium-independent signal transduction event is also apparent in calciumdepleted cells pretreated with PMA, which respond to agonists despite the lack of mobilizable calcium [46] . This response is selectively inhibited, under the same experimental conditions, by 17-hydroxywortmannin [ l l ] . We recently reported that this fungal metabolite blocks the respiratory burst elicited by chemotactic agonists or phagocytosis [ 10, 1 11 without influencing calcium mobilization or the function of G-proteins, phospholipase C and protein kinase C [ 1 1 1.
A dual signal transduction pathway
The observations obtained using inhibitors and calcium depletion indicate that the activation of the respiratory burst by chemotactic agonists depends on two signal transduction sequences. One is calcium-dependent and leads to the activation of protein kinase C, while the other is calcium-and protein kinase C-independent and sensitive to 17-hydroxywortmannin. Since the respiratory burst response to agonists can be prevented by either calcium depletion or treatment with 17-hydroxywortmannin, it appears that both processes must be acting in concert.
Signal transduction control of different responses
The validity of the signal transduction process that was shown to be involved in the initiation of the respiratory burst can be tested with a number of manipulations known to interfere with single events. Similar experiments serve to identify differences in the regulation of the other responses, shape change and exocytosis. Two elements of the signal transduction chain, the receptor and a GTP-binding protein are necessary for all responses. The possibility to prevent activation with antagonists has been documented for met-Leu-Phe [37] and PAF [3] . The ligated receptor must be connected to the transduction machinery through a GTP-binding protein. In neutrophils these proteins are inactivated by pertussis toxin, and in fact such a pretreatment inhibits shape change and exocytosis in addition to the burst, as exemplified for .
When the neutrophils are pretreated with PMA and/or 17-hydroxywortmannin and then stimulated with a chemotactic agonist, the alterations in transmission that reflect shape changes show regular oscillations (see above). The characteristics of the oscillatory shape response are the same following stimulation with different agonists [8] , indicating that the oscillations are due to the properties of the signal transduction process or are a feature of the responding system. The oscillations correlate with rhythmic changes in the content of filamentous actin in the stimulated neutrophils [Sl] , and thus reflect regular processes of actin polymerization and depolymerization. Neutrophils pretreated with PMA (with or without 17-hydroxywortmannin) and then stimulated with low concentrations of agonists also show regular oscillations in respiratory burst activity that are conditioned by the oscillations in shape, and have the same phase, period and duration [ 521. Cytoskeletal elements could be involved in the assembly of the NADPH-oxidase. Indeed, Babior et aL [27] reported that the active oxidase is recovered in the cytoskeleton-enriched pellet of stimulated neutrophils lysed with Triton X-100.
Depletion of mobilizable cytosolic calcium reveals that shape change and product release are controlled in different ways. Calcium-depleted neutrophils undergo a perfectly normal shape change and shape change oscillations [51, 521 upon agonist stimulation, but lack exocytosis and the respiratory burst. The shape change is also apparently unaffected by staurosporine [9, 521 suggesting that protein kinase C-dependent phosphorylations are not required for neutrophil motion.
A difference in the control of granule exocytosis and the respiratory burst is revealed by simple inhibition experiments. Both responses are inhibited by 17-hydroxywortmannin [9, 113, while only the burst is inhibited by staurosporine [9, 491. Staurosporine does not affect the release of azurophi1 granule enzymes and actually acts as a stimulus of specific granule exocytosis [49] . This could be taken to suggest that phosphorylations may have a negative effect on the release process. 
Introduction
The In addition, cGMP formation from GTP by a soluble guanylyl cyclase occurs in neutrophils [ 51, and these cells possess a cGMP-dependent protein kinase [6] . Previously, the cell-permeant analogue of cGMP, w,2'-O-dibutyryl guanosine 3':5'-cyclic monophosphate (Bt,cGMP), was reported to potentiate exocytosis in human neutrophils [7] . More recently, cell-permeant analogues of cGMP were shown to enhance neutrophil chemotaxis [8] and to induce differentiation of HL-60 leukaemic cells [ 91.
These findings prompted us to compare the effects of Bt,cAMP and Bt,cGMP on NADPH oxidase. We contained 100 ,uM-ferricytochrome c and a buffer consisting of 138 mM-NaC1, 6 mM-KCI, 1 mMMgCI,, 1 m~-CaCl,, 5.5 mwglucose and 20 mMHepes, pH 7.4. Neutrophils (2.0 X lo6 cells) were suspended in the solution described above and were preincubated for 3 min in the absence or presence of cyclic nucleotides at 37°C. The formation of 0; was initiated by the addition of stimuli. The absolute amounts of 0; generated were calculated. The significance of the effects of cyclic nucleotides was assessed using the Wilcoxon test.
Results
The effects of Bt,cAMP and Bt,cGMP on 0; formation induced by fMet-Leu-Phe at a submaximally (50 nM) and a maximally effective concentration (1 ,UM) and by C5a at an almost maximally effective concentration (100 nM) are shown in Table 1 . Bt2cAMP above 10 p~ inhibited 0 ; formation induced by fMet-Leu-Phe and C5a to similar extents; Bt,cAMP at 1 mM reduced 0;
formation by about 70%. Bt,cGMP as low as 10 PM inhibited 0; formation induced by fMet-Leu-Phe (50 nM) by 18% (P<O.O5), and Bt,cGMP (10 ,UM to 1 mM) was significantly more effective than Bt,cAMP at inhibiting 0; formation. CAMP was a
